Clinical application of anticancer agents has been often hampered by toxicity against normal cells, so the achievement of their cancer-specific action is still one of the major challenges to be addressed. Previously, we reported that arsenic trioxide (As 2 O 3 ) could be a promising new drug against not only leukemia but also solid tumors. The cytotoxicity of As 2 O 3 occurred through the generation of reactive oxygen species (ROS), thus inhibiting radical scavenging systems would enhance the therapeutic efficacy of As 2 O 3 provided that normal cells were relatively resistant to such a measure. Here, we report that the combination therapy of As 2 O 3 with L-buthionine-sulfoximine (BSO), which inhibits a critical step in glutathione synthesis, effectively enhanced in vitro growth inhibition effect of As 2 O 3 on all 11 investigated cell lines arising from prostate, breast, lung, colon, cervix, bladder, and kidney cancers, compared with As 2 O 3 treatment alone. Furthermore, this combination enhanced cytotoxicity to cell lines from prostate cancer with less toxicity to those from normal prostate. In vitro cytotoxic assay using ROSrelated compounds demonstrated that hydrogen peroxide (H 2 O 2 ) is a major cytotoxic mediator among ROS molecules. Biochemical analysis showed that combined use of As 2 O 3 and BSO blocked H 2 O 2 -scavenging systems including glutathione, catalase, and glutathione peroxidase, and that the degree of this blockade was well correlated with intracellular ROS levels and sensitivity to this treatment. Finally, the effectiveness of the combination therapy of As 2 O 3 with BSO was demonstrated with an orthotopic model of prostate cancer metastasis. We propose that the combination therapy of As 2 O 3 with BSO is a valid means of blockade of H 2 O 2 -scavenging system, and that the combination of a ROSgenerating agent with an inhibitor of major scavenging systems is effective in terms of both efficacy and selectivity. Furthermore, because the effective doses of both compounds are within clinically achievable range, this report will lead to immediate benefit for the development of a new cancer therapy.
Introduction
One of the primary issues for cancer chemotherapy is how to kill cancer cells selectively without damaging normal cells. Experimentally, the selective cell death is partly achieved through various approaches. [1] [2] Clinically, however, poor selectivity of anticancer drugs can cause damage to normal cells, resulting in severe side effects, and thus limits their clinical efficacy. To treat advanced cancers with fewer side effects, oncologists have empirically developed many protocols of combination chemotherapy. Although some are effective, the majority is not. As a result, most advanced cancers, especially solid tumors, are not curable yet. Androgen-independent prostate cancer is one of the most frequently observed advanced solid tumors, the second cause of male cancer death in the US. Most forms of prostate cancer initially are androgen-dependent, but they soon become androgen-independent and thus their response to androgen ablation therapy is transient. Then, after a few years, the majority of prostate cancers relapse, on which no more effective therapies are available, resulting in cancer death. Despite the profound trials of various therapeutic approaches including combination chemotherapy, none has provided a marked survival advantage for patients in the androgen-independent stage of prostate cancer. Therefore, novel therapeutic strategies for androgen-independent prostate cancer are urgently needed.
Arsenic trioxide (As 2 O 3 ) has been used as an anticancer agent in traditional Chinese medicine for several thousand years and has recently been shown to induce clinical remission in patients with acute promyelocytic leukemia. 3 We previously tested the effect of As 2 O 3 , targeting in advanced solid tumors, using androgen-independent prostate cancer as a cellular model. We showed that, at clinically achievable concentrations (o2 mM), As 2 O 3 inhibited in vitro cell growth and, at high concentrations, induced apoptosis in all cell lines derived from androgen-independent primary tumor growth in the prostate but also a high incidence of metastasis to the lymph nodes, the major target of metastasis in clinical cancers. In vivo analysis revealed that As 2 O 3 induced tumor growth inhibition in orthotopic and metastatic lesions from this mouse orthotopic metastasis model. 4 These findings provide evidence for the use of As 2 O 3 as a novel and promising method to treat advanced solid tumors.
Chen et al. 5 reported that As 2 O 3 induced apoptosis in acute promyelocytic leukemia cells. Our previous study showed that the generation of reactive oxygen species (ROS) plays a major role in As 2 O 3 -induced cell death. 4 ROS such as hydrogen peroxide (H 2 O 2 ), superoxide, hydroxyl radicals, and nitrogen oxide are inevitably generated through the respiratory chain of mitochondria in even healthy tissues, but scavenged by the antioxidant defense system. 6 Due to the recent advances in the understanding of As 2 O 3 -induced cell death and the ROS metabolism, it is possible to design a new combination chemotherapy based on these mechanisms.
We show here that L-buthionine-sulfoximine (BSO), a drug that depletes intracellular glutathione (GSH) and generates ROS, is an effective sensitizer of As 2 O 3 -induced cell death. GSH is a major nonprotein thiol that has diverse functions including protection against oxidative stress, detoxification of xenobiotics, and bioreductive reactions. 7 Historically, GSH depletion was believed to sensitize cells to anticancer treatment, and BSO was developed as an anticancer drug candidate that depletes GSH by inhibiting g-glutamyl-cysteine synthetase, a rate-limiting enzyme of GSH synthesis. 7 However, the combination of BSO with melphalan (L-PAM), an alkylating anticancer agent, has not shown any remarkable therapeutic effect on advanced solid tumors. 7, 8 In this study, we tested in vitro and in vivo efficacies of the combination therapy of As 2 O 3 with BSO on androgenindependent prostate cancer cell lines as a model for advanced solid tumors.
Results
Sensitization by BSO and antagonism by antioxidants on As 2 O 3 -induced inhibition of cell growth
We first evaluated in vitro cell growth inhibition induced by As 2 O 3 and BSO. In PC-3 cells, an androgen-independent prostate cancer cell line, the clinically obtainable concentration of 2 mM As 2 O 3 inhibited cell growth in vitro to 5573% of the vehicle-treated control ( Figure 1A ). Although 100 mM BSO alone caused neither growth inhibition nor cell death (data not shown), BSO caused sensitization of As 2 O 3 -induced growth inhibition, and this effect is enhanced in a dose-dependent manner ( Figure 1A) . Addition of N-acetyl-L-cysteine (NAC), an antioxidant that functions as a nonspecific scavenger of ROS, to As 2 O 3 /BSO-treated cells dose dependently antagonized this sensitization ( Figure 1B) . We obtained essentially the same results with dithiothreitol (DTT), another antioxidant, and using DU145 cells, another androgen-independent prostate cancer cell line (Table 1) . Further examinations extended these results to other solid tumor cell lines originating from breast, lung, colon, and cervix cancers (Table 1 ). In all of examined solid tumor cell lines, addition of 10 mM BSO reduced IC 50 values of As 2 O 3 to less than 1 mM (Table 1) . It is noteworthy that this concentration is already known to be clinically achievable without significant side effects. 3 Acquired drug resistance is one of the most serious problems in cancer chemotherapy. We thus next investigated sensitization by BSO in drug-resistant cell lines.
9,10 ACHN-CDDP and 5637-DR50 cells showed a 27.5-and 29.0-fold increase in mean IC 50 values compared to parental ACHN and 5637 cells when treated with cis-diaminodichloro-platinum (CDDP) and doxorubicin (DOX), respectively ( Figure 1C ). In PC-3 cells treated with 2 mM As 2 O 3 , Hoechst 33342 staining showed large, oval nuclear shape typically seen in G2/M phase, whereas simultaneous rhodamine 123 staining demonstrated intact mitochondrial transmembrane potential (Figure 1Cb, g ). Accumulation at G2/M phase was confirmed by flow cytometry using propidium-iodide (data not shown). BSO alone did not induce any morphological change (Figure 1Cc, h ), but the combination of 2 mM As 2 O 3 and 10 mM BSO induced morphological changes characteristic of apoptosis. Hoechst 33342 staining showed nuclear shrinkage (Figure 1Cd ) or chromatin condensation, especially in cells floating in the medium (data not shown). Simultaneous rhodamine 123 staining detected reduced mitochondrial transmembrane potential, which is commonly observed in apoptosis (Figure 1Ci) . Treatment of cells with NAC, an antioxidant known to scavenge ROS, antagonized As 2 O 3 /BSO-induced apoptosis (Figure 1Ce,j) (Table 1) . These essentially identical values were approximately 1.9-to 5.5-fold higher than those of PC-3 and DU145 cells, androgen-independent prostate cancer cell lines (Table 1) . In vitro cytotoxic assays showed a marked difference in As 2 O 3 -induced cytotoxicity between PrSC, PrEC, and PC-3 cells, but all cells were resistant to As 2 O 3 at levels within the clinically achievable Figure 1 In vitro growth inhibition and apoptosis through the generation of ROS in combination with As 2 O 3 and BSO. (A) PC-3 cells were treated with various concentrations of As 2 O 3 and BSO and incubated for 48 h prior to subjecting them to a growth inhibition assay using WST-8, a tetrazolium salt. Results are given as the means7S.D. of three independent experiments, the value of control being 100%. As 2 O 3 alone, plus 0.1 mM BSO, plus 1 mM BSO and plus 10 mM BSO. (B) PC-3 cells underwent the growth inhibition assay as described above following pretreatment with NAC. As 2 O 3 and 10 mM BSO , plus 0.1 mM NAC, plus 1 mM NAC and plus 10 mM NAC. (C) PC-3 cells treated with indicated concentrations of As 2 O 3 , BSO, and NAC for 36 h were stained with Hoechst 33342 (1 mg/ml, a-e) or the potential-sensitive probe rhodamine 123 (10 mg/ml, f-j) to make the nuclear morphology and mitochondrial membrane potential visible; (a and f) untreated; (b and g) 2 mM As 2 O 3 ; (c and h) 10 mM BSO; (d and i) 2 mM As 2 O 3 plus 10 mM BSO; (e and j) 2 mM As 2 O 3 , 10 mM BSO plus 10 mM NAC concentrations, o2 mM ( Figure 2a) . However, the combination of As 2 O 3 with BSO successfully decreased the cytotoxic As 2 O 3 concentrations. The effect is more drastic on cancer-derived PC-3 cells than on normal prostate-derived PrSC and PrEC cells. More than 70% of PC-3 cells but less than 20% of PrEC cells and less than 5% of PrSC cells were killed by 1 mM As 2 O 3 together with 10 mM BSO, which is within the clinically achievable range (Figure 2b ). These findings indicated that, at clinically obtainable concentrations of the two drugs, an effective combination therapy on prostate cancers can be developed with minimal damage to normal cells.
Intracellular levels of ROS as a determinant of cell death
We next examined the relationship between the level of ROS and the cytotoxic effect of As 2 O 3 using CM-H 2 DCFDA (5-(and-6)-chloromethyl-2 0 ,7 0 -dichlorodihydrofluorescein diacetate), an ROS-sensitive probe in PC-3 cells. 4 In contrast to the control and 2 mM As 2 O 3 alone, treatment with 10 mM BSO induced intense fluorescence in PC-3 cells, whereas cellular morphology remained intact ( Figure 3A ). The combination of As 2 O 3 and BSO increased the fluorescent intensity further 3.5-fold and induced round cell shapes with intense fluorescence, and addition of NAC antagonized these changes and cell death ( Figure 3A ), indicating that these cells were undergoing apoptosis through the generation of ROS. These findings suggest that As 2 O 3 plus BSO promotes ROS generation up to levels necessary for cell death. We further analyzed the generation of superoxide in flow cytometry using Figure 2 In vitro cytotoxicity of As 2 O 3 plus BSO to cancer cells at clinically obtainable concentrations. In vitro cytotoxic assay using WST-8 as the substrate was carried out in triplicate in PrSC, PrEC, and PC-3 cells after 96 h incubation with various concentrations of As 2 O 3 alone (a) or As 2 O 3 plus 10 mM BSO (b). Results are given as the means7S.D. of three independent experiments, the value of vehicle-treated control being 100% Basal (a-c) and post-treatment (d-f) levels of intracellular ROS were determined by flow cytometry using CM-H 2 DCFDA in PrSC (a, d), DU145 (b, e), and PC-3 (c, f) cells treated for 24 h with 2 mM As 2 O 3 and 10 mM BSO dihydro-ethidium. 11 However, no increase was observed by either sole treatment with As 2 O 3 or the combined treatment with As 2 O 3 and BSO (data not shown). Interestingly, analysis of three representative cell lines of prostate origin showed a strong correlation between intracellular ROS levels and the sensitivity of cells to this combined treatment. PC-3 cells were most sensitive to this combination treatment, followed by DU145 and PrSC cells (Table 1) , and exactly the same tendency in ROS generation under both treated or even untreated conditions were observed in these cells ( Figure 3B ). These findings suggested that, in cells treated with As 2 O 3 plus BSO, the degree of cell death can be determined by the levels of intracellular ROS. In an attempt to identify which micromolecules of ROS play an essential role in As 2 O 3 -induced cell death, we evaluated the effects of several ROS scavengers and antioxidant enzyme inhibitors on As 2 O 3 -induced cell death (Figure 4) . In in vitro cytotoxic assays using PC-3 cells, neither carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide), a nitrogen oxide scavenger, 12 SOD, a superoxide scavenger, 2 nor 2-methoxyestradiol, a specific inhibitor for SOD, 2 showed any marked effect on cell death induced by As 2 O 3 with or without BSO (data not shown). These findings suggested that neither nitrogen oxide nor superoxide plays a major role in As 2 O 3 -induced cell death. In contrast, catalase, a specific scavenger of hydrogen peroxide, 13 showed marked inhibition of cell death induced by As 2 O 3 plus BSO. Desferoxamine, a hydroxyl radical scavenger, showed slight inhibition (Figure 4) . Involvement of GSH peroxidase (GPX), another major scavenger of H 2 O 2 , was also indicated by the following experiment. Selenium treatment has been shown to induce GPX. 13 Indeed, 3.6-fold upregulation of GPX activity was observed after 1 month culture with 0.1 mM selenium (data not shown). This treatment protected PC-3 cells from cell death induced by As 2 O 3 plus BSO (Figure 4, black columns) . In addition, both 3-amino-1H-1,2,4-triazole, a specific inhibitor for catalase, and thiomalic acid, a specific inhibitor for GPX, enhanced cell death induced by this combination (Figure 4) Figure 5 ). In a GSH detection assay, BSO caused depletion of the total GSH levels, and As 2 O 3 plus BSO induced further depletion of total GSH levels ( Figure 5, upper panel) . In PC-3 cells, combined treatment markedly reduced both catalase and GPX activities, but use of As 2 O 3 or BSO alone did not ( Figure 5 , middle panel). In addition, GPX activity was affected in the same way as catalase activity ( Figure 5, lower panel) . These enzymatic activities, but not total GSH levels, were increased by addition of NAC, which inhibits cell death and ROS generation ( Figure   Figure 4 . Similar experiments were also conducted in PC-3 cells treated with 0.1 mM sodium selenite (closed columns), which induces a 3.6-fold increase in GPX activity. After incubation, in vitro cytotoxic assay was performed using WST-8. Results are given as the means7S.D. of three independent experiments, the value of control being 100% 
of three independent experiments
Blockade of H 2 O 2 -scavenging systems by As 2 O 3 plus BSO H Maeda et al 1B, C and Figure 3 ). In contrast, combined treatment elevated GSH-S-transferase (GST) activity in both PC-3 and DU145 cells (data not shown). These results indicate that in PC-3 cells As 2 O 3 plus BSO, but not As 2 O 3 or BSO alone, can effectively inhibit H 2 O 2 -scavenging systems including GSH, catalase, and GPX. Among these, decreases of catalase and/or GPX appeared to be most directly linked with As 2 O 3 /BSO-induced cell death in PC-3 cells. Whereas in PrSC cells, which were derived from normal prostate cells and were more resistant to the combination treatment than PC-3 cells (Figure 2 and Table 1 ), the combination treatment induced a rather increase in catalase activity with a slight decrease in GPX activity ( Figure 5 ). These results indicate that such differences in these enzymatic activities account for intercellular differences in the sensitivity to the combination treatment. More importantly, these findings may give the conceptual basis for a novel cancer chemotherapy; namely, blockade of H 2 O 2 -scavenging systems as a safe and effective strategy for cancer treatment (see Discussion).
In vivo therapeutic efficacy of combined treatment with As 2 O 3 and BSO Finally, we applied this combination treatment to an orthotopic mouse metastasis model of androgen-independent prostate cancer. Seven weeks after the inoculation of PC-3 cells to the prostate of severe combined immunodeficient mice, combination therapy with As 2 O 3 plus BSO induced significant growth inhibition in both primary and metastatic lesions in contrast with the control (Figure 6A ). Use of As 2 O 3 alone provided a dose-dependent inhibition of both primary and metastatic lesions, and addition of BSO markedly enhanced this inhibitory effect of As 2 O 3 on tumor growth in both lesions ( Figure 6B and C) . In terms of both tumor weight and number of metastases, combined treatment with 2 mg/kg/day As 2 O 3 plus BSO was more effective than sole treatment with 5 mg/ kg/day As 2 O 3 . Hematoxylin and eosin staining of the primary tumor tissue did not reveal a marked difference between the saline-treated and As 2 O 3 -treated groups. However, in situ terminal deoxynucleotidyl transferase-mediated nucleotide (E) Significant improvement of survival rate in mice treated with the combination. Survival rate was determined by using five other mouse groups following 6-week treatment with saline, As 2 O 3 and/ or BSO. A significant difference was seen between the control mice and mice treated with 2 mg/kg As 2 O 3 plus BSO (Po0.05, n ¼ 9 for each group) nick-end labeling (TUNEL) analysis of primary tumors showed more cells positive for DNA fragmentation, a marker of apoptotic cell death in mice treated with the combination therapy than in the saline-treated mice ( Figure 6D ). Moreover, only combination therapy with As 2 O 3 plus BSO prolonged the survival rate significantly compared with the saline-treated mice ( Figure 6E ). The histopathological examination showed no marked damage to the liver, lungs, or kidneys in the combination therapy group and no remarkable difference between the control and the combination therapy group (data not shown). Compared with the saline-treated group, only the group with 5 mg/kg As 2 O 3 alone showed a significant decrease in the hemoglobin level (mean 16.3 versus 13.8 g/ dl, Po0.05). There was no significant difference between groups in the number of white blood cells and platelets (data not shown). Slight loss in body weight was observed during the treatment period (9B15% decrease from the base line), but it was not significant among treatment groups. These in vivo findings indicate that combination with As 2 O 3 plus BSO is superior to As 2 O 3 alone in all the aspects examined: growth inhibition, survival rate, and absence of side effects.
Discussion
The first goal of this study was to develop As 2 O 3 -based effective combination chemotherapy against advanced solid tumors, especially of prostate origin. Using in vitro assays, combination treatment with BSO sensitized As 2 O 3 -induced cytotoxicity in all investigated cancer cell lines including several so-called drug-resistant lines at clinically achievable concentrations of both drugs ( Figure 1 and Table 1 ). Strikingly, this combination clearly showed more cytotoxicity to cancer cells in in vitro assays compared with normal cells (Figure 2) . In in vivo studies using a mouse orthotopic metastasis model, combination treatment with BSO enhanced the therapeutic effects of As 2 O 3 in tumor growth inhibition and survival rate with few side effects ( Figure 6 ). Our findings demonstrate the combination of As 2 O 3 and BSO as a clinically promising approach in the treatment of advanced solid tumors. Another goal of this study was to clarify the molecular mechanism of this combination treatment for the development of more effective combination chemotherapy. The degree of cell death correlated with the intracellular levels of ROS (Figure 3) . Of ROS, H 2 O 2 was clearly shown as a major mediator of cell death induced by this combination treatment (Figure 4) . The degree of cell death apparently correlated with the intracellular levels of H 2 O 2 , which was generated by the blockade of H 2 O 2 -scavenging system (Figures 3 and 5) . These findings imply that more effective As 2 O 3 -based combination chemotherapy can be developed through the analysis of these molecular targets.
Based on our previous study showing ROS as a cytotoxic mediator of As 2 O 3 -induced cell death, 4 our present study demonstrated BSO as a potent sensitizer of As 2 O 3 -based combination chemotherapy. BSO was originally used as a sensitizer of L-PAM, an alkylating anticancer agent. 7 Subsequent clinical trials with L-PAM plus BSO, however, did not show therapeutic effects on advanced solid tumors. 8 Our in vitro growth inhibition assays provide experimental evidence for this failure in clinical trials. In prostate cancer cell lines treated with 10 mM BSO, the degree of sensitization was only a 1.4-1.6-fold decrease in IC 50 values of L-PAM. Remarkably, a 10.7-12.2-fold decrease was observed in IC 50 values of As 2 O 3 (Table 1 ). These results suggest that, for the clinical use of BSO, combination with As 2 O 3 is more promising than that with L-PAM and is currently most promising.
The sensitization by BSO was found in all of investigated solid tumor cell lines, both drug-sensitive and even drugresistant (Table 1) . Resistance against anticancer drugs are divided into two categories based on the involvement of Pglycoprotein, which is a key molecule in drug resistance to DOX, but not to CDDP. 9 Both the drug-resistant cell lines we tested, ACHN-CDDP resistant to CDDP and 5637-DR50 resistant to DOX, showed mild crossresistance to As 2 O 3 . This finding implies that sole As 2 O 3 treatment might be ineffective on so-called drug-resistant advanced cancers due to the crossresistance, as other investigator reported.
14 However, the combination of As 2 O 3 plus BSO succeeded in overcoming this crossresistance at clinically achievable concentrations of these drugs (Table 1) . Furthermore, the combination of As 2 O 3 plus BSO sensitized normal and cancer cells to As 2 O 3 cytotoxicity (Table 1 and Figure 1 ). The sensitization itself was not specific to cancer cells (Figure 2 ), but this combination realized more cytotoxicity to cancer cells with less damage to normal cells at clinically obtainable concentrations of these two drugs, whereas sole As 2 O 3 treatment could not ( Figure 2 ). All these results suggest that the sensitization with BSO on As 2 O 3 efficacy may be a clinically promising approach with less side effects in all advanced solid tumors.
Further analysis demonstrated H 2 O 2 as a major cytotoxic molecule of ROS in As 2 O 3 -induced cell death (Figure 4 ). H 2 O 2 is known as a cell-death mediator in diverse kinds of cell death including that induced by tumor necrosis factor-a, UV irradiation, and other anticancer drugs. [15] [16] [17] In the case of cell death of leukemia cells by As 2 O 3 , involvement of H 2 O 2 has been also demonstrated. 13 Flow cytometric analysis showed that BSO alone induced certain amounts of ROS without cell death, whereas addition of As 2 O 3 generated a greater amount of ROS, followed by cell death (Figure 3) . At both treated and nontreated phases, the intracellular ROS levels correlated well with the sensitivity to the treatment with As 2 O 3 plus BSO (Figure 3 ). These findings lead us to propose a novel therapeutic concept, 'the blockade of H 2 O 2 -scavenging systems'. In short, the majority of cells, either of normal or cancer cell origin, seem to tolerate BSO-or even As 2 O 3 -induced H 2 O 2 , since these cells possess enough ability to scavenge such H 2 O 2 even after the sole exposure of BSO or As 2 O 3 ( Figure 5 ), which we referred to here as 'H 2 O 2 -scavenging systems'. However, the exposure of As 2 O 3 plus BSO makes such H 2 O 2 -scavenging systems break down, which is typically observed as the decrease of GSH amount as well as the decrease of catalase and GPX activities in cancerous PC-3 cells ( Figure 5 ). These cells can no longer scavenge intracellular ROS and are thus killed by continuous exposure of ROS generated by As 2 O 3 plus BSO. In other words, the innate capacity of H 2 O 2 -scavenging systems could determine sensitivity to the treatment with As 2 O 3 plus BSO. Between cancer and normal cells, the difference in the capacity of these H 2 O 2 -scavenging systems appears to reflect the difference in sensitivity to the treatment with As 2 O 3 plus BSO ( Figure 5 ). Catalase and GPX activities of PrSC cells, which are originated from normal prostate, showed almost complete resistance to As 2 O 3 plus BSO treatment. We believe that these results can account for the difference in sensitivity between normal and cancer cells to the treatment with As 2 O 3 plus BSO. Molecular basis that brings this difference, however, remain to be clarified (see below).
Currently, As 2 O 3 induces complete remission in most cases of relapsed acute promyelocytic leukemia with mild side effects.
3 BSO has already warranted its safety in clinical use. 7, 8 Owing to their immediate feasibility for clinical use, the combination chemotherapy of As 2 O 3 plus BSO immediately allows many clinicians to examine clinical efficacies. Several in vitro experiments have already examined the efficacy of the combined treatment with As 2 O 3 plus BSO, although the approach is experimental, not therapeutic. 13, 18, 19 However, to our knowledge, this is the first in vivo study that investigated the combination therapy with As 2 O 3 plus BSO. Our in vivo study showed that this combination induced tumor growth inhibition in both primary and metastatic lesions, and that this combination therapy prolonged survival rate significantly compared with the control or As 2 O 3 treatment alone. In addition to in vitro cytotoxicity to cancer cells, our in vivo study clearly showed that this combination chemotherapy can be carried out safely without any anemia or serious toxicity to major organs. Moderate body weight loss in the treatment groups seems clinically manageable. Beside apparent minimal side effects in our mouse models, this combination therapy has a unique advantage of preventing side effects. Local administration of antioxidants like NAC could protect major organs from unexpected damage. 20 All these results provide experimental evidence that supports clinical use of combined therapy with As 2 O 3 plus BSO.
The origin of cancer selectivity achieved by the combination therapy remains to be deciphered. This might be explained by the difference in a cell's dependence on scavenging systems. Cancer cells may be highly dependent on catalase and GPX systems for scavenging radicals in order to meet the requirement of rapid growth and vigorous metabolism. 21 Although extraordinarily strong antioxidant defense systems exist in some leukemia cells and confer them resistant to even the combination of As 2 O 3 plus BSO, 21 an alternative pharmacological inhibitor for one antioxidant enzyme was proposed by Huang et al. 2 for such leukemia cells. The development of novel combinations of ROS generators with these specific inhibitors of radical scavenging systems, based on our approach, will provide more effective combination anticancer therapy in the near future. The effectiveness of this type of therapy can be described as a 'Trip and Hit' effect: the H 2 O 2 -scavenge systems are first tripped and broken by As 2 O 3 plus BSO and, then or almost simultaneously, the cancer cells are effectively hit and killed by resultantly generated strong H 2 O 2 .
In conclusion, the combination chemotherapy with As 2 O 3 plus BSO can be a valid model for blockade of H 2 O 2 -scavenging systems, and can be expected as a promising approach in the treatment of advanced solid tumors including relapsed drug-resistant ones. Future clinical studies are awaited to examine the therapeutic effect of this combination chemotherapy.
Materials and Methods

Reagents
As 2 O 3 , BSO, CDDP, DOX, L-PAM, Hoechst 33342, Rhodamine 123, propidium iodide, and cycloheximide were purchased from Sigma (St. Louis, MO, USA). As 2 O 3 was prepared as reported previously. 4 NAC, DTT, SOD, desferoxamine, catalase, 3-amino-1H-1,2,4-triazole, thiomalic acid, and sodium selenite were obtained from Nacalai tesque (Kyoto, Japan). Carboxy-PTIO was purchased from Dojindo (Kumamoto, Japan).
Cell culture
Cells were cultured as reported previously. 1, 4 The origins of the cell lines were as follows: SC115, mouse mammary carcinoma; Lewis lung carcinoma (LLC), mouse lung carcinoma; HCT15, human colon carcinoma; HeLa, human cervix cancer; PrEC, normal prostate epithelium; PrSC, normal prostate stromal cells. LLC cells were maintained in DMEM with 10% fetal calf serum, HCT15 cells in RPMI1640 with 10% fetal calf serum. PrEC and PrSC cells were purchased from Clonetics (San Diego, CA, USA). According to manufacturer's instructions, PrEC cells were maintained in prostate epithelial growth medium containing 0.4% bovine pituitary extract, 5 mg/ml hydrocortisone, 0.5 ng/ml human epithelial growth factor, 0.5 ng/ml epinephrine, 10 mg/ml transferrin, 5 mg/ml insulin, 0.1 ng/ml retinoic acid, and 6.5 ng/ml tri-iodothyronine. PrSC cells were maintained in RPMI1640 with 10% fetal calf serum. 5637-DR50 cells resistant to doxorubicin, an anthracycline anticancer agent, and ACHN-CDDP cells resistant to CDDP, a platinum anticancer agent, were established from parental cells, 5637, a bladder cancer cell line, and ACHN, a kidney cancer cell line, respectively, as reported previously. 9, 10 PC-3 cells were pretreated with 100 nmol/l sodium selenite for 30 days to enhance GPX activity. 13 Assays for cell growth, cytotoxicity, and apoptosis detection Cell growth assays using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt), modified from the MTT assay, were performed and IC 50 values were determined as previously reported. 4 Briefly, 2.5 Â 10 3 cells were plated per well in 100 ml of medium in 96-well microtiter plates. Cells were grown for 24 h, after which various concentrations of the test compounds were added. After an additional 48 h of incubation, the medium was aspirated, and WST-8 solution was added. After incubation at 371C, the optical density of each well was determined in a microplate reader by the absorbance spectrophotometry at the wavelength of 450 nm. The assay gave an absorbance that correlated linearly with the number of cells and was not affected by As 2 O 3 itself (data not shown). Cell growth was expressed as a percent of the absorbance in the vehicle-treated control wells. Dose-response curves were drawn, and IC 50 value, the concentration that inhibits 50% of the growth of control cells, was calculated by PRISM (GraphPad, San Diego, CA, USA). A cytotoxic assay was also conducted by adding WST-8 to cells in 96-well plates. In all, 1.5 Â 10 4 cells/well were plated and various concentrations of the test agents were added 24 h after plating. After an additional incubation for indicated hours, cell viability was measured and is expressed as a percent of the absorbance in the vehicle-treated control wells. ROS-related
